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ABSTRACT

This thesis introduces a novel mobile robot design concept aimed at exploration of
subterranean spaces. The key innovation is the combination of highly maneuverable body elements
with wheel/leg elements (Whegs). This combination offers performance not possible with
conventional “monolithic” wheeled or tracked mobile robots, or with current robot snakes. The
thesis covers four design iterations of the concept, concentrating on describing the overall design
process and results from field tests. Additionally a kinematic analysis of the fourth prototype and
implications for future designs is presented.
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CHAPTER ONE
INTRODUCTION

Throughout history, primitive (and not so primitive) peoples have used caves as shelter,
and as ceremonial or religious sites. Protected inside from climate adversities and big animals, caves
are an archeological treasure for learning about these people. Caves are also important for
geological research since they can reveal details of past climatic conditions in sedimentary rock
layers. Also, caves are frequently used today as sites for recreation.
Humans have performed most explorations in caves by using basic tools, such as ropes,
hobnail boots and helmets. Due to human limitations, the accessible areas of caves are restricted by
the size of the opening, air conditions and temperature, among other factors. This is why many
potentially valuable grottos are still to be discovered or explored.
In order to gain access to those undiscovered spots, an artificial device is required. A
mobile robot would be ideal to gently enter hazardous areas in caves and retrieve information about
the conditions, take pictures of the location, and create a map of the newly discovered areas.
This thesis describes a novel approach that combines recently emerging robotic
technologies with the purpose of being able to navigate the different environments found in caves,
such as wet surfaces, rocks, flooded areas, hard slopes, etc.
We also describe the design concept and the results of tests with initial prototypes. Lessons
learned from these experiments highlight the need for improved designs. Implications for
successful deployment are discussed.
Various robot systems have been proposed previously to explore caves or mines, or move
over rough terrain. Most of them are based on mobile vehicles with wheels ([26] -Springer Chapter
17 pp. 391-410). Wheeled mobile robots designed for traversal of natural terrain, such as the rover
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vehicles used in the ExoMars mission [30], by the European Space Agency (ESA), or the
ThrowBot [3], by SPAWAR Systems Center, have been proposed (Figure 1.1). The ATRV-2 by
IS-Robotics, has been used to develop an Integrated Autonomous System for exploration and
navigation in underground caves [2]. In this case, the wheeled all-terrain vehicle was equipped with
on-board sensors in order to navigate within a network of tunnels in mines and caves, the motion
planning and not the locomotion being the main concern. Most of these efforts use different
versions of robotic wheeled rover vehicles, which are very reliable when surfaces are fairly flat. The
use of wheels allows movement at a quite high speed while carrying a significant payload.

Figure 1.1

ExoMars robot by the European Space Agency.

The main handicap of wheels is the reduced climbing ability they present. Although the
use of different materials or treads in tires can improve the grip of the wheel, maximum reachable
height is constrained by its radius. This is a severe limitation in the environment presented in caves.
Another mean of locomotion used in exploration vehicles is the track. The PackBot robot
[33] is a tracked vehicle used by the military in Afghanistan and Iraq (Figure 1.2). It is a manportable, all-terrain mobile robot that has four different configurations for a variety of applications,
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including chemical and nuclear-weapon searching, autonomous urban navigation, bomb
deactivation, and battlefield casualty extraction among others. This robot, fairly typical of tracked
mobile robots, is very robust and reliable over different environments, such as uneven terrain and
stairs. It is not, however, capable of floating and swimming or climbing some extreme rocky
surfaces such as those in caves.

Figure 1.2

PackBot by B. Yamauchi.

In order to overcome the inherent limitations of wheels and tracks, R. Quinn et al. at Case
Western Reserve University [20] [23] [11], inspired by the locomotion principles of cockroaches,
used the “Wheg” as an alternative (Figure 1.3). Whegs are made of several flexible spokes
symmetrically distributed about a hub, combining the advantages of both wheels and legs. This
configuration permits the Wheg to reach obstacles higher than its radius, which is the length of each
spoke.
Many different whegged robots have been developed by the Biorobotics Lab at Case
Western Reserve University for diverse applications. Various designs of Whegs were implemented
in mobile robots with rigid bodies with no or one degree of freedom [4] [17] [31].
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Figure 1.3

Whegs II robot by R. Quinn et al.

An alternative mode of locomotion using the Wheg concept and applied in rough terrain is
the one included in RHex [1] [22]. This hexapod mobile robot is also biologically inspired (Figure
1.4). The robot’s design consists of a rigid body with six simple legs that rotate full circle. The use
of a single spoke diminishes the restriction of contact angles with surfaces presented by the multiple
spokes in the Case Western Whegs. This method, while improving locomotion over rough terrain,
however also reduces the contact surface, making the robot less efficient when climbing [14] [19].

Figure 1.4

RHex by R. Altendorfer et al.
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A similar application of the Wheg was used recently by the German Research Center for
Artificial Intelligence (DGKI) in which the robot ASGUARD [7] uses what they call “leggedwheels” (Figure 1.5). This robot is able to move over rough terrain at a considerably high speed as
well as swimming. Although it has proven its effectiveness in different sorts of terrain, it is not
intended for climbing higher obstacles, being limited by the flexibility and dimensions of its body.

Figure 1.5

ASGUARD II by the DGKI.

The Biologically Inspired Robotics Group (BIRG), directed by A.J. Ijspeert presented an
amphibious vehicle based on the spinal cord model of a salamander [8]. This mobile robot is
capable of switching between swimming and walking like the animal itself, but presents significant
limitations, since it is only reliable on flat surfaces (Figure 1.6).

Figure 1.6

Salamander robot by the BIRG.

5

Regarding the climbing abilities on vertical or steep surfaces, various specific robots have
been built by different research groups. Mini-Whegs [5] [6] [10] and Waalbot [18] are light robots
capable of walking on smooth surfaces regardless of the direction of gravity by using compliant
adhesive feet. In porous surfaces such as those in bricks or stone the adhesive feet are not reliable.
The Gecko Robot (Stickybot) [15] [28] (Figure 1.7) and the Spinybot II [9] are biologically inspired
robots that use mechanisms similar to those found in gecko and insect feet, respectively. These
robots use micro or nano spines-hairs that adhere to porous surfaces quite effectively.

Figure 1.7

Gecko robot (Stickybot) by M. Sitti et al.

All these robots work quite well in their optimal situations where the conditions are close to
those they were designed for, but when the surroundings turn to be a little bit more complex and
variable in nature, such found as in cave exploration operations, with more than one kind of
fundamental environment involved, they are not practical.
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Therefore, a more versatile and

adaptable design is desired. This factor strongly motivated our novel design, detailed in the
following sections.
Chapter 2 describes the design of the first (segmented body) and second (continuum body)
prototypes of FRESE as well as their testing. Some discussion about the design of the first set of
Whegs is also included.
In a similar way as Chapter 2 analyzes FRESE I and II, Chapter 3 explains the details of
the third and fourth prototypes, both of them with segmented bodies connected by rigid and
continuum links respectively. After observing the results of FRESE I and II, a new set of Whegs
was designed and mounted in the last two prototypes. As it is discussed along the thesis, steering has
been an issue due to the fact that this robot works with 6 Whegs. This problem, applied specifically
to FRESE IV, is explained in detail at the end of Chapter 3.
The selection of components as well as the electrical design of the robot is discussed in
Chapter 4. A description of the LabView panel used to control FRESE is also included in this
chapter.
To conclude, and after analyzing the results of the experiments with the four prototypes of
FRESE, a set of conclusions and future work guidelines is derived and included in Chapter 5.
These results clearly show the evolution of FRESE and the improvements that have been achieved
in terms of surface adaptability and rough terrain locomotion. FRESE IV shows significant progress
with a single main handicap, steering. This issue, as described below, has been mainly constrained
by the budget available for this project, although a theoretical solution has been proposed in terms
of future work.
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CHAPTER TWO
DESIGN OF FRESE I AND FRESE II

In this chapter, the novel design and construction of an initial prototype of a novel mobile
robot for cave exploration FRESE, (Flexible Robot for Exploration of Subterranean Environments)
is detailed.

Figure 2.1

3D model of the initial design of FRESE I.

The fundamental considerations to take into account when designing a practical caveexploration vehicle must include many different principles to allow environmental adaptability. Our
underlying design concept has been a novel flexible body and novel propulsion based on the
Whegs concept.

2.1 Segmented Body (FRESE I)
In order to be able to move over complex terrain and through narrow openings, a flexible
body is desired. With the aim of providing the robot with this flexibility, the body of our initial
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design was conceived as a head-torso, providing a passive degree of freedom in the form of a
“neck” (Figure 2.2).

Figure 2.2

Detail of the chassis for FRESE I.

The chassis was designed in a way that makes it easy to access all the parts placed inside of
the robot. As can be observed in Figure 2.2, the modular chassis is composed of lateral parts where
the motors are attached; a base floor where all the electronics are fixed; and some bars on top
providing the body with sufficient rigidity. The chassis was then covered with a plastic case, sealing
the contents of the robot to prevent water incursion.
By using a technique similar to military tanks, the steering of the robot was planned to be
achieved by turning the motors of each side in opposite directions. Due to the simplicity of these
movements, the motors can be driven side by side, i.e. the three motors of each side can be
controlled by the same control board, making them turn in the same direction.
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2.2 Design of the Whegs I
As the means of locomotion, the notion of Whegs was adopted and extended to allow the
robot to overcome a wide variety of obstacles. In particular, novel Wheg operation shapes, and
contact conditions (e.g. adhesive/rubbery material attached to the Whegs to facilitate the climbing
maneuvers) form a key and novel aspect of our overall design.
The desired initial requirements of the Whegs were sufficient flexibility and high adhesive
properties. For the initial prototypes, a propeller-like Wheg with five spokes was used. When
testing them, due to the hardness of the material and the reduced contact surface, the spokes
proved to be too short and slippery, showing marked inefficiency when walking or climbing smooth
surfaces.

Figure 2.3

Front “tentacle-wheel” (left) and rear Wheg (right).

According to these findings, some important modifications were introduced. The front
Whegs were replaced by a “tentacle-wheel” covered in latex to allow it to stick to different surfaces
(Figure 2.3). This innovation significantly improved the climbing capabilities. The tentacles, due to
their flexibility, adapt to any kind of surface. Flexible foam tips were also coated with latex and then
attached to the rear propeller-like Whegs. These, while being less flexible Whegs than the tentacle
wheels, provided the robot with a more powerful pushing force, thanks to the high adaptability of
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the Wheg as well as the grip given by the latex. (The swimming capability has not been
implemented at the time of writing).

2.3 Experiments with FRESE I
Some initial experiments were carried out with the first prototype (Figure 2.4). These tests
took place in the robotics laboratory at Clemson, where an artificial environment composed of a set
of obstacles was built.

Figure 2.4

Initial prototype (FRESE I) used in tests.

The set of images in Figure 2.5 shows typical results of the first test. In this case, the
tentacle wheels were placed in the front, and the Whegs in the middle and rear positions.
The tentacle-wheels present a high grip making the robot capable of climbing almost any
kind of surface regardless of the slope. The flexibility of the neck greatly contributed to the
climbing abilities. The ability of the combination of Wheg-like appendages with a flexible body to
aid in obstacle handling was clearly demonstrated.
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In Figure 2.6, the situation is shown where the front wheels were substituted by Whegs and
the tentacle wheels were placed in the rear position. In this case, the robot got stuck due to the lack
of traction in the rear, and insufficient mobility of the body elements.
The main conclusion derived from these initial tests was the need of a body with more
degrees of freedom. It was also clear that longer Whegs and tentacles would improve the grip and
climbing capability. A key lesson learned was that the existence of a neck with a rotating range of
±90 degrees is observed to be a key practical advantage to get through any kind of obstacle.

Figure 2.5

Test 1: Climb pipe. Front tentacle-wheels.

In our experiments the molded Wheg tips proved highly effective in providing stable high
friction contacts in a variety of environments, including loose leaves and dry soil. The non-uniform
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contact conditions created by the uneven tip shape appeared to have been helpful in shedding
acquired dust. However, we have not tested in highly dusty surfaces such as loose sand.

Figure 2.6

Test 2: Climb box. Rear tentacle-wheels.

2.4 Continuum Body (FRESE II)
In order to overcome the limitations of body flexibility presented by the first prototype, an
improved second prototype was designed, based on the potential of segmented robots [12] [16] [21]
[29] [24] [32]. In this case, all the components used inside FRESE previously were placed in the
interior of a flexible segmented pipe composed of equal modules that fit one into each other to
create FRESE II (Figure 2.7, 2.8). The same set of wheels/Whegs was used.
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The 3D-model of the second prototype is shown in Figure 2.8. This snake-like body
provided many more degrees of freedom since it was formed by individual modules. In order to be
able to fit the components in the body, the degrees of freedom between some modules (such as
those containing the motors or the control boards) were restrained.

Figure 2.7

Figure 2.8

Modular pipes from Loc-Line.

3D Model of the Snake-like design (FRESE II).
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2.5 Experiments with FRESE II
Figure 2.9 and Figure 2.10 show the results of two different tests carried out with FRESE
II. Once again, the combination of flexible body and Wheg-like appendages enabled agile
behavior. However, even though the number of passive degrees of freedom in the body increased
with respect to the previous prototype, the net capable rotating angle range decreased. The ±90degree rotation of the initial passive neck has been substituted by several ±40-degree links.
According to this, at least three links would be required in order to achieve 90 degrees of rotation,
making the radius of curvature larger if it is compared to the passive neck existing in FRESE I.
Furthermore, most of the links contained electronic boards in the inside, fact that constrained even
more their rotating angle. This feature limits considerably the size of obstacles traversable by the
second prototype, constraining the environment for the tests. However, more positively, the shape
of the snake-like body allowed the robot to go into smaller openings, due to the combination of
both reduced width and flexibility.

Figure 2.9

Test 1: Climb pipe. FRESE II.
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The results obtained using the initial prototypes strongly support the potential of our
underlying design concept of a flexible body with Wheg-like appendages. The flexible bodies
enabled the robots to conform to highly uneven terrain, relative to the scale of the robots. This in
turn allowed the Wheg-like appendages to be brought to bear on the environment, where they
adapted to its local shape to achieve traction beyond the capabilities of wheels or tracks of
comparable scale. This was achieved with a very simple hardware design, another key design goal.
Overall, this demonstrates the strong potential of these types of robots for application to
environments with wide variations of terrain, such as caves and subterranean spaces.

Figure 2.10

Test 2: Climb boxes. FRESE II.
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However, the results presented by FRESE I and FRESE II also demonstrates the need for
significant local curvature along the body, and for tighter spacing between the appendages (to avoid
getting “stuck”). More research was needed in appendage design (both in terms of shape and
materials).
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CHAPTER THREE
DESIGN OF FRESE III AND FRESE IV

3.1 Segmented Body (FRESE III)
The design of FRESE III was built on the lessons learned from the results of testing the
previous prototype (FRESE II). It was clear that more flexibility was required in order to being able
to climb steep surfaces. Additionally, keeping a narrow body would allow the robot to penetrate
into small openings. In this case, the width of the body was highly dependent on the size of the
electronics, while the height was minimized to the dimensions of the motors.

Figure 3.1

FRESE III. 3D Model.

Another handicap observed in the previous experiments was the (relatively large) distance
between axles. This caused the robot to get stuck at times due to loss of contact area, and hence
traction, when climbing obstacles with a certain level of height. In order to overcome this issue, the
need of Whegs with longer spokes and a reduced distance between axes was evident. The resulting
design of the new Whegs II is detailed in the next section.
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As can be observed in Figure 3.1 and Figure 3.2, the new body designed for FRESE III is
based on several rigid-plastic modules that accommodate the motors and electronics. Connecting
these modules, a double layer of thin plastic links provide the body with flexibility (Figure 3.3). By
constructing the plastic links from various compounds and thicknesses, and making their
replacement simple, it was possible to alter the robot’s internal compliance and hence overall
performance during the on-site tests.

Figure 3.2

FRESE III Chassis. Segmented Body.

Figure 3.3 shows a detail of the different materials and shapes used for FRESE III’s links.
These connecting segments, of different materials and thicknesses, present a variable degree of
flexibility in the vertical plane while being rigid in the horizontal plane. This is, the links are able to
bend up and down (pitch of the robot) but not from left to right (yaw). This constraint of the yaw
made it hard to control the steering of FRESE III. This issue is discussed in more detail at the end
of this chapter.
Figure 3.4 and Figure 3.5 show the completed version of FRESE III with the new Whegs
II incorporated.
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Figure 3.3

FRESE III Flexible Links.

Figure 3.4

FRESE III.
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Figure 3.5

FRESE III. Lateral View.

3.2 Design of the Whegs II
In a similar way to the new design work carried out after observing FRESE II’s body
deficiencies, the Whegs’ response to the previous experiments was also inadequate, in some
aspects. On the one hand, one of the biggest difficulties they had was the excess of flexibility,
causing a loss of traction. On the other, the short length of the spokes limited considerably the size
of the obstacles feasible to surpass.

Figure 3.6

Whegs II.
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While keeping the same adherent properties provided by the latex-coated tips, the two
main issues were easy to overcome. Rigid-plastic strips were transformed into the required shape by
using hot air to heat the material until it was sufficiently malleable. Then, the material was covered
with several layers of liquid latex, and finally attached to the 5-spoke base Wheg modules. The
resulting modified Whegs II are shown in Figure 3.6.

Figure 3.7

Whegs II. Shaft Coupling Detail.

In order to more efficiently transmit the power from the motors to the Whegs, a shaftcoupling adapter was used. This was connected to the Wheg’s aluminum shaft on one side and to
the DC motor shaft on the other (Figure 3.7).

3.3 Experiments with FRESE III
To demonstrate the improvements of the new body in relation to the previous prototypes,
numerous tests were carried out with FRESE III. Unlike in previous experiments, and with the
purpose of proving FRESE III’s reliability, the robot was taken into a site with a similar terrain
orography to the one in caves. Varying ground elevations, numerous rocks, and puddles were the
main features of the new testing environment (on the grounds of Clemson University).
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Figure 3.8 and Figure 3.9 show the results of a test performed by FRESE III on a fairly
rough terrain. Due the flexibility of the new links between the rigid segments, the robot proved to
be very adaptable to the topography. This attribute helped the robot to minimize the loss of
traction. Also, the length and rigidity of the new Whegs II demonstrated high effectiveness when
climbing rocks and moving over land irregularities.

Figure 3.8

FRESE III. Field Test. Part 1 of 2.

Although the advantages of this new prototype were numerous, some negative aspects were
also found. Three main weaknesses limited, in some level, the efficacy of FRESE III. Firstly, and
most important, was the issue of steering. Due to the longitudinal rigidity, and the lack of individual
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motor control, steering was found to be a problem on this design. As shown in the next section of
the chapter, this was the main topic to overcome in FRESE IV.

Figure 3.9

FRESE III. Field Test. Part 2 of 2.

Secondly, the degree of stiffness of the links was a variable that affected the response of the
robot in a direct and significant manner. Enough flexibility was desired to enable terrain adaptability
while maintaining sufficient pushing force (via internal stiffness) from all the powered segments.
This is, if the links were chosen to be very flexible, then the pushing forces from the middle and
rear sections would not be transmitted to the front part of the robot, causing all the segments to
compress and overlap. This issue can be observed in Figure 3.11, which shows some detailed
images of FRESE III moving over a very uneven terrain. If shots 4, 5, and 6 are analyzed carefully,
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it can be seen that due to the flexibility of the links the last segment of the robot started to compress
causing the Whegs to overlap. Thus, different materials with several degrees of flexibility were
tested.

Figure 3.10

Sample of Materials Used for FRESE III’s Links.

Figure 3.10 illustrates a sample of links used to vary FRESE III’s flexibility. From left to
right, the links are arranged by chronology. Link number 1 was the first one installed on the new
prototype. It is made of corrugated plastic with a thickness of 3/16”. This material greatly
transmitted the pushing force from the back segments to the front of the robot, although it had to
be discarded in order to increase flexibility. On the other extreme of the scale of materials, number
2 was selected due to its clear flexibility. The results improved in terms of adaptability to the terrain
but as soon as the robot encountered a big obstacle, it started to compress blocking the whole
system. Next, link number 3 was mounted on FRESE III. This material was selected because of its
vertical flexibility and the relative compressive stiffness it presented. When this connecting segment
was tested on-site, it proved to considerably limit the pitch of the robot. With the purpose of
improving the vertical flexibility of link number 3, a new one was built by removing material from it.
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After a few tests, number 4 seemed to be the most reliable of the tested links, although when the
robot got trapped in a big obstacle, some compression happened, causing FRESE to shrink.
This issue was coupled to the third main handicap of FRESE III, which was the
overlapping of the Whegs. The increased overall flexibility of the robot helped with the climbing
capabilities, but, if the bending angle of the links was not limited, the Whegs could come close
enough to overlap one into another, as occurred in shots 5 and 6 of Figure 3.11.

Figure 3.11

FRESE III. Detail of Movement over Rough Terrain.

3.4 Segmented Body with Continuum Links (FRESE IV)
The three main issues presented in the previous section led the design of FRESE IV. The
rigid segments containing the motors had proved to be very reliable and effective so they were
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chosen to remain the same. However, most of the work focused on the links connecting these
segments.
Figure 3.12 and Figure 3.13 show the resulting prototype of FRESE IV in which the
principal addition has been flexible-pipe links. These pipes were selected to have a sufficient
diameter to fit some of the small electronics like the communication and power distribution boards.
The main advantage of these links was their ability to present a high flexibility while
transmitting the pushing force from the middle and rear segments without compressing.
Additionally, they were able to bend not only in the vertical plane but also horizontally. This
attribute helped with the steering, but also unfortunately made it also easier for the Whegs to
overlap. In order to solve this problem, a way of limiting the bending angle of these pipe-links
nedded to be applied.

Figure 3.12

FRESE IV.
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Figure 3.13

FRESE IV. Lateral View.

Figure 3.14 shows the detail of a provisional solution added to the links to limit the
bending angle by using steel cable with a fixed length. In addition to these steel wires, some stretch
sensors could be used in future designs in order to track the bending angle of the flexible links in
real time. This, plus an individual control of each motor would provide enough components to
perform a reliable steering control of the robot. This topic is discussed in section 3.6.

Figure 3.14

FRESE IV. Angle limiter detail.

3.5 Experiments with FRESE IV
In a similar way as shown in section 3.3, the tests with FRESE IV were carried out in a
rocky environment (the same as for FRESE III). The results of these experiments were comparable
to FRESE III’s with the addition that some of the main issues that FRESE III presented before
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were overcome. These issues included compressibility of the links, Wheg overlapping, and (to
some extent) steering. The structure of the flexible-pipe links provided adequate flexibility in all
directions, while preventing the robot from any degree of compression. This helped the robot to
transmit the power from the rear segments without losing pushing force. As described in the
previous section, the issue of Wheg overlapping was effectively overcome by using steel wires that
limit the bending angle of the links.
Finally, the third and most important handicap presented by FRESE III was steering. This
concern was theoretically solvable with the high flexibility offered by FRESE IV, but was not been
able to be demonstrated in the field due to the lack of individual motor control. The problem of
steering is described in more depth in the following section.

Figure 3.15

FRESE IV. Field Test.
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Figure 3.15 shows the great adaptability to the terrain presented by FRESE IV. Also, in
photogram 4, the flexibility of the new flexible-pipe links can be observed. This flexibility made it
easy for the robot to overcome steps or obstacles higher than the Whegs radius.
Figure 3.16 illustrates the effectiveness of the steel wires preventing the Whegs from
overlapping. It can be also seen how adaptable the new body was to the terrain, thanks to the new
link configuration.

Figure 3.16

FRESE IV. Field Test. Detail.

3.6 Steering with FRESE IV
As it has been noted periodically throughout this thesis, steering proved to be a big issue
with every prototype of FRESE. Previous Wheg robots have used different sorts of steering when
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using 4 Whegs [10] [17], but when expanded to having 6 Whegs, the solution adopted in the
literature has mostly been explicit steering [4] [11] [20] [31], making the mechanical design complex
and adding weight to the system.
The design of FRESE IV potentially facilitated steering operations in a simpler fashion
thanks to the use of flexible links (Figure 3.17 and Figure 3.18). Steering could thus be
accomplished by rotating opposed Whegs at different velocities. This is called skid steering and it
simplifies the mechanical aspects of the design while being as reliable as explicit steering at low
speeds.

Figure 3.17

FRESE IV. Top View. Straight Body.

Figure 3.18

FRESE IV. Top View. Curved Body.
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This form of steering has many advantages but one main requirement: Wheg velocities
must be controlled individually in order to achieve the desired effect. As is described earlier in the
thesis and in Chapter 4, the budget limitations of this project constrained us to use low range
control boards and motors, achieving control of the motors 3 by 3 and not individually.
Assuming that individual motor control is available and the addition of a set of stretch
sensors that provide information of the links’ bending angle, more precise control of the robot can
be achieved while maintaining enough information about its shape in real time. By considering the
flexible links as horizontal hinges and the Whegs as wheels, a set of equations is developed here to
perform skid steering with FRESE IV. Figure 3.19 shows the simplified diagram of FRESE IV used
to obtain the equations.
r
L

φ

vo

φ

V

B

vi

R

vo = outside wheel velocity
vi = inside wheel velocity
V = vehicle velocity
φ = link bending angle
R = vehicle turn radius
B = separation between Whegs
L = segment length
r = Wheg radius

θ

Figure 3.19

Variables:

FRESE IV. Steering diagram.

The turn radius of each of the individual segments can be calculated from similar triangles
with vo and vi known [24].
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In the above, slippage between the Whegs and the ground has been neglected.
Knowing the relationship (6), the radius of curvature R can be calculated as a function of
the link bending angle.

180

(6)

tan

(7)

R

(8)

Equations (4), (5) and (8) can be used to position each of the segments to obtain the
desired shape of the robot. Theoretically, given stretch sensors indication of angle, vo and vi can be
adjusted to rotate the robot at the specified radius of curvature R.
However, R has some physical limitations due to the constraint in the link bending angle,
which need to be accounted for. If this angle became too small, the Whegs would overlap, blocking
the system. By using the diagram below, it can be proven that the minimum radius of curvature for
FRESE IV is R = 0.56m.
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Figure 3.20 represents the worst case scenario where R = 0.56m. The following equations
detail these results with L = 0.3m, B = 0.22m, and r = 0.12m.

(L/2) – r

φmin/2

B/2

φmin

L/2

B/2
r

Figure 3.20

FRESE IV. Maximum Steering Angle.

.

tan

(9)

.

149.49°

150°

(10)

By applying equation (8) we obtain:
150°
180°

0.56m
∞
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Minimum turn radius.
Walking straight line.

Figure 3.21 shows the effectiveness of the new flexible-pipe links when steering. The set of
pictures below show FRESE IV steering as a result of a manual positioning of the links, as indicated
before, the steering system described above has not been implemented yet.

Figure 3.21

FRESE IV. Field Test. Steering.
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CHAPTER FOUR
ELECTRICAL DESIGN

As in any project involving electronics, its design has to take into account both the
hardware and the software. In this case, the software included the control panel programmed in
LabView and the internal code of the microcontroller governing the whole system (Figure 4.1).

Computer
LabView 8.5

ATX8 Transmitter

ARX8 Receiver

Main
Control
Board
PIC
18F1330

Motor Control
Board (Left)

Motors
Left

Motor Control
Board (Right)

Motors
Right

Light
Source

Figure 4.1

Electrical components of FRESE.
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In order to facilitate exploration activities, a wireless camera and a light source were
incorporated into FRESE. These devices, as well as the robot’s movement were controlled through
a main board (based on the microcontroller PIC18F1330) with wireless serial communications, and
a PC with LabView. The main control panel in LabView allowed control of the direction and speed
of the robot and the light source as well as showing the images acquired by the camera in real time.
A single Li-Mn battery ensured the supply of power for at least 45 minutes. The battery life
depended highly on the conditions on the terrain, since the current drained by the motors was
dictated by the applied torque.
Six DC gear motors were distributed throughout the body, three on each side. Each motor,
selected to provide a torque sufficient to lift the weight of half of the whole body by itself, was
attached to a Wheg. With this constraint we ensured that in the case when only two of the Whegs
were in contact with the surface, the robot would keep moving. These motors were controlled and
powered by two Motor Control Boards, one for the motors of each side of the robot.

Figure 4.2

FRESE III and its Electrical Wiring and Boards.

Figure 4.2 shows the prototype FRESE III without covers or Whegs. From right to left,
front and rear of the robot, respectively, the electronics on each segment are: Motor Control Board
A (Left Side); Wireless Communications Boards; Motor Control Board B (Right Side); Main
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Control Board and Power Distribution Board. These components are explained in more detail in
the following sections.
The work flow of FRESE’s operation is as follows: first, the user selects the running mode
in the control panel on the computer; then, the LabView program sends a byte of information to
the RS232 serial port; that data is transmitted wirelessly through the ATX8 transmitter. On the
other side, the robot receives that data through the ARX8 receiver; this device transmits the
information to the main control board, where the microcontroller takes a decision according to the
built-in code. Next, it sends the data to the two motor control boards (A and B), controlling the
motors on the left and right respectively. These boards make the motors rotate at the required
speed and direction. The main control board also activates and deactivates the light source
depending on the user’s choice.

4.1 Main Control Board
The Main Control Board (MCB) is based on the microprocessor PIC 18F1330 by
Microchip and basically serves as an input/output device. This board acquires the data sent by the
LabView control panel and received by the ARX8 wireless receiver, and actuates the rest of the
elements of the robot accordingly.
In the electrical diagram shown below (Figure 4.3), all the components of the Main Control
Board can be observed. The top part represents the main power switch and the voltage-adapting
circuit, which receives 12 VDC from the Voltage Distribution Board (described in the next section)
and reduces the voltage to the 5 VDC required to power the PIC. This 5 VDC are also used as
voltage supply for the electronics in the Motor Control Boards. A connector J2 can is placed for
this purpose.
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The other relevant part of this board, the connectors, is represented on the right and
bottom of the electric diagram. J3 to J6 represent the sockets where a connector is introduced,
providing communication with the rest of the devices of the robot. J3 is used to control the Motor
Control Boards; J4 is an auxiliary port in which only a pin is used to activate and deactivate the light
source; J5 is reserved for the serial communications with ARX8 (described below); and J6 is an
additional port used for In-Circuit Serial Programming (ICSP). ICSP allows us to communicate
with the microprocessor without removing it from the board. An ICSP cable and programmer are
used for this purpose.

Figure 4.3

Main Control Board Electrical Diagram.

4.2 Voltage Distribution Board
The Voltage Distribution Board (VDB) is used to adapt the voltage provided by the battery
(12 VDC) to one suitable for the rest of the elements of FRESE. As the voltage-adapting circuit
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used in the Main Control Board, the Voltage Distribution Board is based on a LM7808 voltage
regulator (7805 in the MCB), that adapts 12 VDC to 8 VDC.
Figure 4.4 shows the electrical diagram of the VDB. On the left side, J7 receives the main
power from the battery, while distributing it (as is, 12 VDC) to J11 to J13. These connectors
provide power supply to the Main Control Board, as well as both Motor Control Boards. On the
right side, the 12 VDC from the battery has gone through the LM7808 voltage regulator, becoming
8 VDC. This voltage, distributed by J8, J9, and J10 powers the ARX8 receiver, the wireless camera,
and the light source, respectively.

Figure 4.4

Voltage Distribution Board Electrical Diagram.

4.3 Motor Control Board
The OPTO DC Motor Control Board (OMCB) designed and manufactured by Futurlec
(Figure 4.5) is used to control DC Motors by using a PWM signal with TTL levels, like those
coming from microprocessors. In our case, the Main Control Board, through its connector J3 uses
three pins for each Motor Control Board, one with the PWM signal indicating the rate of speed
(being a continuous 5 VDC, 100% of speed, and 0 VDC 0% of speed) and two to control the
desired direction of rotation. Table 4.1 shows the possible values for these pins.
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As mentioned in the previous sections, each Motor Control Board is connected to three
motors corresponding to one side of the robot.

Figure 4.5

OPTO DC Motor Driver by Futurlec.

ENA/PWM

DIR 1

DIR 2

STATUS DC MOTOR

0

X

X

SLOW STOP

1

0

0

SLOW STOP

1

0

1

ROTATE CW

1

1

0

ROTATE CCW

1

1

1

FAST STOP

Table 4.1

Signals controlling the Motor Control Board.

4.4 Wireless Communications
The wireless communications of FRESE are implemented by using a pair of coupled
boards, one transmitter and one receiver. The transmitter (ATX8) is connected to the serial
(COM) port of a regular Personal Computer, emitting the data indicated by the LabView Control
Panel. This data is wirelessly received by a receiver (ARX8) through an on-board antenna. The
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information received by the ARX8 is digital and between ±12 VDC. Since the microprocessor used
in the Main Control Board needs TTL signals (± 5 VDC), the received data must be adapted. For
that purpose, a RS232-to-5V adapter, based on the MAX232 chip, is used. Thus, the receiver
ARX8 is connected to the MAX232 board and at the same time wired to the Main Control Board
which interprets the received data.

Figure 4.6

ARX8-2400 Serial Receiver (Left) and RS232 to TTL Driver (Right).

4.5 Motor Selection
The motor selection was one the major challenges and restrictions of this project due to the
torque requirements and the budget limitations. The torque calculations were made with the initial
Whegs I and assuming that a single motor be capable of lifting at least half of the total body weight.
The equations [31], considering a total weight of 3.7 Kg and a Wheg radius of 8cm are shown
below:
(1)
= Motor Torque
= Equivalent Inertia
= Viscous Friction

42

= External Torque

(2)
(3)
N is the gear ratio, which in our case is 1,
is the friction of the load, and

motor,
velocity (

0 , we can neglect the

efficiency motors, neglecting

is the inertia of the load,

is the inertia of the

is the friction of the motor. By assuming constant
term. Additionally, we assume that we are using high

. Since we are looking at DC motors with a built-in gearbox, our

torque equation can be reduced to:
(4)
The frictional loss of the system represents the losses of the system in case we were using a
drive train. Taking that into account we have that, for our application,
sin
In the above equation

.

(5)

is the coefficient of friction; m is the mass carried by each motor

(1/2 of total mass); g is the force of gravity; r is the radius of the wheel; and

is the incline angle.

Taking the values provided for mass and radius and assuming the worst-case scenario for
sin

and

we obtain:
1

.

.

0.08

1

1.41

(6)

Given the required torque of 1.41Nm and the limitations on the available budget, we found
the motor model 248-401, from Precision Micro Drives, a good option. These motors have a
maximum torque of 2Nm and a maximum speed of 15rpm which transformed into linear speed
would be 0.13m/s with Whegs I (r = 0.08m) and 0.19m/s with Whegs II (r = 0.12m).
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Figure 4.7

248-401 DC Motor by Precision Micro Drives.

4.6 Battery Selection
Given that the selected motors require 12 VDC to operate, and the rest of the electronics
are designed to have an input voltage of 12 V, the battery chosen to be the power supply of the
robot should provide a voltage close to those 12 V.
Regarding power consumption, the motors were the main point of interest, requiring a
current of 0.5 A in the worst-case scenario (stall). The rest of the components of the robot had a
power consumption that could be neglected, in terms of battery selection, since the motors had
most of the impact.

Figure 4.8

Lithium battery by Apogee.
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The selected battery, according to the requirements above, was the 3-cell 11.1 V Li-Mn
battery by Apogee. This battery provides 3,800 mAh, which was calculated (and proved) to be able
to power the robot for at least 1 hour, depending on the terrain conditions.

4.7 Wireless Camera
The wireless camera worked independently in such a way that it transmitted the
information to the receiver by using an independent radio frequency. The receiver was connected
to the computer through an USB Video Capture device capable to convert the analog image into
digital. Thanks to this configuration, the images acquired by the camera could be seen on the main
control panel in real time (Figure 4.9).

Figure 4.9

Wireless Mini Camera by ASTAK.

4.8 Light Source
The light source of FRESE was a very basic circuit composed of 10 high-efficiency white
LED’s and a 2N2222 general purpose transistor that served as a digital switch. The base of this
transistor is actuated by an output from the Main Control Board controlling the current passing
through the Collector-Emitter pins. A diagram of this circuit is shown in Figure 4.11.
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Figure 4.10

Figure 4.11

LED Light Source. Detail.

LED Light Source. Electrical Diagram.

Figure 4.12 shows FRESE III coming out from a waste water pipe in which the light source
is used in order to provide a clear image from the on-board camera.
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Figure 4.12

FRESE III in a Waste Pipe.

4.9 LabView Control Panel
Figure 4.13 shows the Main Control Panel designed in LabView and used to control the
robot during the initial tests. Its manipulation was designed to be very simple, having only controls
on the direction, speed, and light source.
The images acquired by the wireless camera are shown on the top-right corner of the
panel. The reception of video can be manually stopped by the user if desired. Additionally, two
boxes showed the raw data that was being sent wirelessly to the Main Control Board. Table 4.2
shows the different data combinations depending on the parameters selected by the user.
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Figure 4.13

Main Control Panel in LabView.

Description
Stopped – Light OFF
Left Rotation – Light OFF
Right Rotation – Light OFF
Straight – Light OFF
Left Turn – Light OFF
Right Turn – Light OFF
Reverse – Light OFF
Reverse Left – Light OFF
Reverse Right – Light OFF
Stopped – Light ON
Left Rotation – Light ON
Right Rotation – Light ON
Straight – Light ON
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Data Sent
‘9’
‘1’
‘2’
‘3’
‘4’
‘5’
‘6’
‘7’
‘8’
‘I’
‘A’
‘B’
‘C’

Left Turn – Light ON
Right Turn – Light ON
Reverse – Light ON
Reverse Left – Light ON
Reverse Right – Light ON

Table 4.2

‘D’
‘E’
‘F’
‘G’
‘H’

Different operation modes and data sent by LabView.
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CHAPTER FIVE
CONCLUSIONS AND FUTURE WORK

The research presented in this thesis emerged from the idea of developing a new class of
mobile robot capable of moving over rough terrains such as those found in caves and underground
environments. In that regard, a highly adaptable and maneuverable vehicle is desired. In addition, a
key consideration was the means of locomotion. Wheels are good on flat terrain but not that
reliable on uneven surfaces; legs are better on irregular topography but mechanically very complex,
heavy, and slow; tracks are robust in many sorts of environments but not good at climbing. The
solution in this work was therefore adopted from the idea of some robots previously developed at
Case Western Reserve University using a hybrid between wheels and legs, called Whegs. This was
found to be the ideal type of appendage to use in our Flexible Robot for Exploration of
Subterranean Environments (FRESE).
Numerous robot designs have been developed in order to overcome the problem of
variable terrain following, but none of them has been conceived as a combination of systems using
Whegs on a flexible body that adapts to the surface of the terrain. This was our main goal when we
started working on the first prototype FRESE I. As described in Chapter 2, this initial iteration of
our design was a body composed of two rigid segments connected together through a passive
rotational link. The idea of keeping the link passive was to simplify the design while keeping the
weight as low as possible. After a set of experiments, the passive ‘neck’ proved to be very useful
traversing obstacles higher than the radius of the Whegs. The rigidity of the rear segment caused
the robot to get trapped in some conditions so we came to the conclusion that body flexibility was a
parameter to be improved in every new design we would work on.
After some very interesting observations obtained from the results of the initial tests, a new
iteration of the robot was designed and built. FRESE II, designed with the intention of making it as
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flexible as possible, was built based on a continuum (continuous backbone) body concept. In our
implementation, a segmented pipe was used due to the flexibility it presented between segments.
Unexpectedly we discovered that the results of FRESE II’s performance were, in some aspects, less
impressive than the ones shown by FRESE I. There were a few newly arising issues with this design:
although there was some degree of rotation between each two pipe segments, this rotation was
constrained due to the structure of the pipes and also to the fact that there were rigid electronic
components in the inside; another problem was the available space for the electronics, making it
necessary to have a very long snake-like body in order to fit all the components, which considerably
increased the distance between Whegs.
These reasons made us return to the idea of the rigid segments linked by flexible sections.
In this design iteration the robot was chosen to have three rigid sections –one per axle– instead of
two. Between these main segments two extra ones were added in order to locate the additional
electronic components. As the linking segments, flexible plastic sheets were used. Different types of
materials, with varying degrees of flexibility were tested until the response of the robot was as
desired. Some problems were still found with this design: high flexibility of the links made FRESE
III compress due to the fact that the power from the middle and rear segments was not fully
transmitted to the front of the robot. When this compression occurred, the Whegs overlapped
causing blockage of the system. The third main issue of this iteration of FRESE involved the
steering, since the links provided flexibility only in the vertical plane, while being fixed in the
horizontal plane.
As discussed above, a desire for increased horizontal flexibility led the design of FRESE
IV, which is basically an upgraded version of FRESE III by substituting the plastic links with
flexible-pipe segments. These new links connected the sections that contained the motors, allowing
flexibility in all directions. The problems of horizontal rigidity as well as the compression were thus

51

solved. However, the issue of Wheg overlapping became more acute, and needed to be overcome.
The adopted solution was to add a set of steel wires with a fixed length on the sides of the pipe links
that limited the bending angle. Now the body was fully flexible both horizontally and vertically,
steering control was the next step to be considered. Although some tests of skid steering were
carried out by rotating the Whegs at different velocities (side by side), we came to the conclusion
that individual motor control as well as the addition of some feedback sensors to provide
information about the shape of the robot were necessary. This was not achievable with the
components –motors and control boards– we had available, limited by economic reasons.
To advance the research project further, more advanced (and expensive) components
would be required. First and most important, new motor control boards would be necessary in
order to be able to actuate each motor independently. This feature would allow the control of skid
steering segment by segment. A set of more powerful and efficient motors would also improve the
climbing capabilities preventing the robot to get stuck in very rough conditions. Some encoders
attached to the motors would be very helpful by providing information of the angular velocity of
each Wheg as well as their position. This characteristic would add the capability of synchronizing
the Whegs making the locomotion more efficient and reliable. Each of the above improvements
would be both technologically feasible and straightforward, though not attempted here due to
budget limitations.
In order to track the shape of the robot in real time, a set of stretch sensors attached to the
flexible-pipe links would provide the system with information about the bending angle of each link.
Using this data as feedback, some level of steering control would thus be possible.
Another element to be improved in future designs is the wireless communication system.
The current FRESE prototypes use serial data sent via an AM transmitter. This limits the radius of
action to approximately less than 100 meters in open spaces. By using a different kind of
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transmitter-receiver, such as Ultra High Frequency (UHF) or Wi-Fi devices, the radius of control
could be extended to the kilometer range.
The user interface could also be enhanced by embedding it into a small device such as a
PDA or cell phone. This would shorten the setting up time, since the LabView control panel used
for the current prototypes is manipulated on a laptop computer, which is not very convenient given
the environments FRESE is meant to work in.
As far as the electrical aspect is concerned, the electronic components used in this research
project have been common in every prototype of FRESE. The only electrical elements that have
changed from one iteration to the next have been the wiring and connectors, which had to be
modified due to the varying length of the robots. By adapting the wires to the size of each
prototype, we managed the interior of FRESE to be neat and organized, also providing more
available space inside the links, which helped with mobility.
One feature of the robot that was envisioned during the early stages of the research but has
not been implemented is water proofing and swimming capabilities. In order to achieve this, a
perfectly sealed body would be required. Additionally, the motors would need to move faster to use
the water as the mean of propulsion. The Whegs could also be redesigned by increasing the surface
of the spokes to improve the effectiveness when the swimming mode is activated.
Besides the series of details that could be improved in case of the availability of a bigger
budget, FRESE has proved to be a very reliable and adaptable robot over rough terrain. Although
the initial design of FRESE had been oriented to its use in subterranean spaces, and specifically in
caves, given the demonstrated terrain adaptability of the prototypes, this could be extended for
operations in rescue missions and remote environments. For example, robots of the FRESE design
could provide images of the interior of collapsed buildings or other sorts of a priori uncertain or
unstructured environments.
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The main contributions of this thesis are in the innovative flexible body/Wheg
combination design concept, and in the lessons learned during extensive testing of the consequent
prototypes. To our knowledge, this work is the first to explore the potential of Whegs when driving
a highly articulated body. The testing with the various FRESE prototypes provided new insight into
the key design parameters for this novel type of robot. In particular, the critical importance of the
internal body stiffness, and the interrelationship between Wheg radius and body mobility were
identified and explored. Future research into the concept might include a fully continuum body,
and optimization of body stiffness and Wheg shape.
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APPENDIX A
PART LIST

The table below shows the list of parts used in this project along with their Manufacturer,
Model Number and Price.

Code

F1
F2
SW1
SW2
J1-J2
J8-J11
J3
J4
J5,J14
J1Con
J3Con
J4Con
J5con
U1

Type

Manufacturer

Model No.

DC Motor
RF Transmitter
RF Receiver
USB PIC Programmer
USB Video Capture
Printed Circuit Board
Motor Control Board
Apogee Battery
Battery Charger
Computer Fan
Motor Shaft Coupling
Serial to USB Cable
Vacuum Segments
Custom Wheg Shaft
ABS Sheet, 1/8 inch 24”
ABS Sheet, 1/8 inch 12”
Metric Screw M2.5 12
Metric Washer M2.5
Metric Nut M2.5
Nylon Click-Lock 0.124
Fuseholder
Fuseholder Cover
Fuse 0.5A 20x5mm
Fuse 0.8A 20x5mm
Main Switch
Reset Switch
DC Power Socket

Precision MicroDrives
Abacom
Abacom
MELabs
Sabrent
Express PCB
ETT (Futurlec)
PFM Distribution
Apache

248-300
ATX8-2400
ARX8-2400
U2 Programmer
M501-1326
Mini-boards (3-pk)
Opto DC Motor
Li-Mn 3800 mAh
Smart Ch. 2500
120 mm Dia.
¼ inch
SBT/USC1K
2.5 inch Dia.(9-pk)

Motor Control Socket
Aux. Port Socket
RS232-Light Socket
DC Power Connector
Connector for J3
Connector for J4
Connector for J5, J14
LM7805 – Volt. Regul.

Tyco Electronics
Tyco Electronics
Tyco Electronics
Tyco Electronics
Tyco Electronics
Tyco Electronics
Tyco Electronics
ST Microelectronics

Sabrent
Loc-Line
Clemson Mach. Shop
McMaster
McMaster
McMaster
McMaster
McMaster
McMaster
Schurter
Schurter
Schurter
Schurter
S&K
Omron
Tyco Electronics
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Qty.

8586K44
8586K14
9200A107
91116A110
91828A113
9102A140
693-0031.8211
693-0853.0551
693-0034.3114
693-0034.3116
OS102011MS2Q
B3F-1022
103735-1

6
1
1
1
1
1
2
1
1
6
6
1
3
6
1
1
1
1
1
1
1
1
1
1
1
1
10

Unit
Price
($)
49.65
44.10
44.10
89.95
29.99
51.00
19.90
89.99
35.95
6.99
5.17
7.99
12.56
18.00
25.09
7.76
3.34
1.52
4.00
12.98
0.65
0.52
0.27
0.27
0.31
0.23
0.71

Total
Price*
($)
335.80
58.80
44.10
102.95
37.48
59.90
45.80
95.99
43.95
41.94
31.02
14.98
51.20
108.00
25.09
12.26
3.34
1.52
4.00
12.98
0.65
0.52
0.27
0.27
0.31
0.23
7.10

104935-7
104935-1
104935-3
103958-1
103958-5
103958-3
103958-2
L7805ABV

1
1
2
10
2
1
2
1

1.29
0.73
0.72
0.40
0.93
0.59
0.53
0.97

1.29
0.73
1.44
4.00
1.86
0.59
1.06
0.97

U2
U3
D1-3
X1
R1
R2-R3
R4
LED1
-10
Q1
C1,
C3-6
C2,C7

PIC18F1330 MCU
LM7508 – Volt. Regul.
1N4148 Diode
4 Mhz Crystal
10k Ohm Resistor
220 Ohm Resistor
1k Ohm Resistor
White LED

Microchip
ST Microelectronics
Fairchild Semicond.
Vishay
Xicon
Xicon
Xicon
Optek

PIC18F1330-I/P
L7808ABV
1N4148
XT49S400-20
10K-RC
220-RC
1K-RC
OVLEW3CB6

Small Sig. Trans. NPN
Radial Tantalum
Capacitor 0.33 uF
Radial Tantalum
Capacitor 0.10 uF
Conn. for Battery (fem.)
Conn. for Battery (male)
Pin for batt. male conn.
Pin for batt. fem. conn.

ST Microelectronics
Kemet

2N2222
T350A334K035A
T
T350A104K035A
T
14806990
14806980
3505471
3505501

Kemet
Tyco Electronics
Tyco Electronics
Tyco Electronics
Tyco Electronics

1
1
3
1
1
2
1
10

5.06
0.61
0.03
0.55
0.10
0.05
0.07
1.25

5.06
0.61
0.09
0.55
0.10
0.10
0.07
12.50

1
5

0.72
0.41

0.72
2.05

2

0.41

0.82

4
4
8
8

0.22
0.31
0.11
0.10

0.88
1.24
0.88
0.80

Grand Total

Table A.1

List of Parts used in FRESE and their Prices.

*Total price includes shipping and taxes.
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1178.86

APPENDIX B
ELECTRICAL DIAGRAMS

The following three pages show the electric diagrams of the Main Control Board, the
Voltage Distribution Board, and the Light Source circuits, respectively.
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APPENDIX C
C++ CODE FOR PIC 18F1330

The C++ MPLab code used to program the PIC 18F1330 microprocessor in the Main
Board is given below.

///////////////////////////////////////////////////////////////////////
//
//
//
FRESE III-IV
Version 2.0
December 2008
//
//
Flexible Robot for Exploration of Subterranean Environments
//
//
//
//
Ivan Siles
Advisor: Dr. Ian Walker
//
//
//
//
version 1.0: This version of the program only reads the
//
//
data from LabView and runs 8 basic modes: 3 speed settings,
//
//
stop, forward and reverse and 3 turning settings, straight,
//
//
left, and right.
//
//
//
//
version 2.0:
This version adds the light control.
//
//
//
///////////////////////////////////////////////////////////////////////

#include
#include

<p18f1330.h>
<usart.h>

// Selects the chip PIC18F1330
// Library to use the RS232 port

#pragma
#pragma
#pragma

config OSC = XT
config WDT = OFF
config DEBUG = OFF

// Oscillator mode to XT up to 4Mhz
// Disables the Watch Dog Timer
// Compiles without extra deb. code

void rx_handler (void);
#pragma code rx_interrupt = 0x8
void rx_int (void)
{
_asm goto rx_handler _endasm
}
#pragma code
#pragma interrupt rx_handler

// Defines int. for data reception

char mode='0';
char prev='0';
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void main ()
{
TRISAbits.TRISA0 = 0;
TRISAbits.TRISA1 = 0;

// Configures A0 and A1 as outputs

TRISB = 0x00;
OpenUSART

// PortB Output

(USART_TX_INT_OFF &
USART_RX_INT_OFF &
USART_ASYNCH_MODE &
USART_EIGHT_BIT &
USART_CONT_RX &
USART_BRGH_LOW, 25);

PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

0;
0;
0;
0;
0;
0;

// Configures the RS232 comm.

// All motors in both sides stopped
// RA0 substituted by RB2

PORTBbits.RB5 = 0;

// Light OFF

INTCONbits.GIEH=1;
INTCONbits.GIEL=1;
PIE1bits.RCIE=1;
while (1){
if (mode != prev) {
switch (mode)

{

//*******************************************************************//
//
CASES WITH LIGHT OFF
//
//*******************************************************************//
case '0':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

// STOPPED
=
=
=
=
=
=

0;
0;
0;
0;
0;
0;

PORTBbits.RB5 = 0;
break;
case '1':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6

=
=
=
=

0;
1;
1;
1;
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// Light OFF

// LEFT ROTATION
// Motors on the left CW

// Motors on the right CW

PORTBbits.RB7 = 0;
PORTBbits.RB1 = 1;
PORTBbits.RB5 = 0;
break;
case '2':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

1;
0;
1;
0;
1;
1;

PORTBbits.RB5 = 0;
break;
case '3':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

1;
0;
1;
1;
0;
1;

PORTBbits.RB5 = 0;
break;
case '4':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

0;
0;
0;
1;
0;
1;

PORTBbits.RB5 = 0;
break;
case '5':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

1;
0;
1;
0;
0;
0;

PORTBbits.RB5 = 0;
break;
case '6':
PORTBbits.RB2 = 0;
PORTAbits.RA1 = 1;
PORTBbits.RB0 = 1;
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// Light OFF

// RIGHT ROTATION
// Motors on the left CCW

// Motors on the right CCW

// Light OFF

// WALKING STRAIGHT
// Motors on the left CCW

// Motors on the right CW

// Light OFF

// TURNING LEFT
// Motors on the left stopped

// Motors on the right CW

// Light OFF

// TURNING RIGHT
// Motors on the left CCW

//Motors on the right stopped

// Light OFF

// REVERSE STRAIGHT
// Motors on the left CW

PORTBbits.RB6 = 0;
PORTBbits.RB7 = 1;
PORTBbits.RB1 = 1;

// Motors on the right CCW

PORTBbits.RB5 = 0;
break;

// Light OFF

case '7':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

0;
0;
0;
0;
1;
1;

PORTBbits.RB5 = 0;
break;
case '8':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

1;
0;
1;
0;
0;
0;

PORTBbits.RB5 = 0;
break;

// REVERSE LEFT
// Motors on the left stopped

// Motors on the right CCW

// Light OFF

// REVERSE RIGHT
// Motors on the left CW

//Motors on the right stopped

// Light OFF

//*******************************************************************//
//
CASES WITH LIGHT ON
//
//*******************************************************************//
PORTBbits.RB5 = 1;

case 'A':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

// STOPPED
=
=
=
=
=
=

0;
0;
0;
0;
0;
0;

PORTBbits.RB5 = 1;
break;
case 'B':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

// Light ON

=
=
=
=
=
=

0;
1;
1;
1;
0;
1;
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// Light ON

// LEFT ROTATION
// Motors on the left CW

// Motors on the right CW

PORTBbits.RB5 = 1;
break;
case 'C':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

1;
0;
1;
0;
1;
1;

PORTBbits.RB5 = 1;
break;
case 'D':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

1;
0;
1;
1;
0;
1;

PORTBbits.RB5 = 1;
break;
case 'E':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

0;
0;
0;
1;
0;
1;

PORTBbits.RB5 = 1;
break;
case 'F':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

1;
0;
1;
0;
0;
0;

PORTBbits.RB5 = 1;
break;
case 'G':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7

=
=
=
=
=

0;
1;
1;
0;
1;
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// Light ON

// RIGHT ROTATION
// Motors on the left CCW

// Motors on the right CCW

// Light ON

// WALKING STRAIGHT
// Motors on the left CCW

// Motors on the right CW

// Light ON

// TURNING LEFT
// Motors on the left stopped

// Motors on the right CW

// Light ON

// TURNING RIGHT
// Motors on the left CCW

//Motors on the right stopped

// Light ON

// REVERSE STRAIGHT
// Motors on the left CW

// Motors on the right CCW

PORTBbits.RB1 = 1;
PORTBbits.RB5 = 1;
break;
case 'H':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

0;
0;
0;
0;
1;
1;

PORTBbits.RB5 = 1;
break;
case 'I':
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

1;
0;
1;
0;
0;
0;

PORTBbits.RB5 = 1;
break;
default:
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

0;
0;
0;
0;
0;
0;

PORTBbits.RB5 = 0;
break;
}
}
}

// Light ON

// REVERSE LEFT
// Motors on the left stopped

// Motors on the right CCW

// Light ON

// REVERSE RIGHT
// Motors on the left CW

//Motors on the right stopped

// Light ON

// DEFAULT MODE - STOPPED
// Motors on the left CW

// Motors on the right CCW

// Light OFF

// Closing the switch

// closing the if

// Closing the while
PORTBbits.RB2
PORTAbits.RA1
PORTBbits.RB0
PORTBbits.RB6
PORTBbits.RB7
PORTBbits.RB1

=
=
=
=
=
=

0;
0;
0;
0;
0;
0;

PORTBbits.RB5 = 0;

// All motors stopped
// RA0 substituted by RB2

// Light OFF

67

}

// Closing main

void rx_handler(void) {
mode = ReadUSART();
PIR1bits.RCIF=0;
}

// Closing rx_handler
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APPENDIX D
LABVIEW CODE – BLOCK DIAGRAMS

The following images show the LabView Block Diagrams used to program the Main
Control Panel.

Figure D.1

Main Control Panel Block Diagram.

69

Figure D.2

RS232 Communication Sequence (Step 0).

Figure D.3

Switch Cases for Speed, Steering and Light.
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